A highly excited atom having an electron that has moved into a level with large principal quantum number is a hydrogen-like object, termed a Rydberg atom. The giant size of Rydberg atoms 1 leads to huge interaction effects. Monitoring these interactions has provided insights into atomic and molecular physics on the single-quantum level. Excitons-the fundamental optical excitations in semiconductors 2 , consisting of an electron and a positively charged hole-are the condensed-matter analogues of hydrogen. Highly excited excitons with extensions similar to those of Rydberg atoms are of interest because they can be placed and moved in a crystal with high precision using microscopic energy potential landscapes. The interaction of such Rydberg excitons may allow the formation of ordered exciton phases or the sensing of elementary excitations in their surroundings on a quantum level. Here we demonstrate the existence of Rydberg excitons in the copper oxide Cu 2 O, with principal quantum numbers as large as n 5 25. These states have giant wavefunction extensions (that is, the average distance between the electron and the hole) of more than two micrometres, compared to about a nanometre for the ground state. The strong dipole-dipole interaction between such excitons is indicated by a blockade effect in which the presence of one exciton prevents the excitation of another in its vicinity.
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The Coulomb attraction between a negatively charged electron in the conduction band and a positively charged hole in the valence band leads to the formation of bound exciton states, which are essential to the optical properties of semiconductors 2 . The exciton in bulk crystals has strong similarities with the hydrogen atom, which have been substantiated by the observation of exciton states with binding energies 2Ry=n 2 below the bandgap. Here Ry is the Rydberg energy and n is an integer that is analogous to the principal quantum number n of hydrogen. The observation of highly excited excitons is typically prevented by a small Rydberg energy of a few millielectronvolts (for example, 4.2 meV in the prototypical semiconductor GaAs with n 5 3 as its highest observed state), which is about three orders of magnitude smaller than in hydrogen owing to the small reduced mass of the electron and hole and dielectric screening from the many-body surroundings. Therefore, higher exciton states are energetically spaced too closely to each other and to the ionization continuum to be resolvable.
In our search for highly excited excitons we have chosen the semiconductor copper oxide (Cu 2 O), in which excitons were first observed 3, 4 , facilitated by the comparatively large Rydberg energy of around 100 meV. Cu 2 O has a direct bandgap (see Supplementary Information). The highest valence and the lowest conduction bands are formed from Cu states, the 3d and 4s orbitals, respectively. The excitons associated with these two bands form the so-called yellow series with energies around 2.1 eV, corresponding to a wavelength of 590 nm for excitation by light. Both bands have the same parity, and therefore electric dipole transitions for excitons with S-type envelope wavefunctions are forbidden 5 . In contrast, excitons with a P-envelope are dipole-allowed, as outlined in the Supplementary Information. In early works 3, 4 , the P-exciton series could be followed up to n 5 9 and over the years has been extended 6 to n 5 12. Going beyond these n numbers would allow us to create the solid-state analogue to Rydberg atoms. Rydberg atoms have been intensively studied recently 7 because of their attractive properties-long lifetimes, strong dipolar interactions, and so on-which might pave the way for quantum information technologies. Very recently 8 , coupling of the electron in a Rydberg atom (with n 5 202 and radius of 2 mm) to a Bose-Einstein condensate was studied.
We studied the exciton spectrum in Cu 2 O using high-resolution spectroscopy in which the photon energy of a laser with 5-neV linewidth (corresponding to about 1.2 MHz) was scanned across the energy range of interest and the transmitted laser intensity was measured (see Supplementary Information). Usually, the success of semiconductors is based on extremely high crystal quality achieved by artificial fabrication. Oddly, Cu 2 O artificial crystals are inferior in quality compared to natural crystals. We used a Cu 2 O crystal with a thickness of 34 mm, cut and polished from a rock mined at the Tsumeb mine in Namibia. The sample was held at a temperature of 1.2 K (see Fig. 1b and c) .
In the top panel of Fig. 1a we present the absorption spectrum of Pexcitons (that is, an exciton with a P envelope) obtained from the transmission experiments, revealing a large number of lines. To take a closer look at the high-energy part, we zoom into the spectrum with increasing resolution (see the lower panels of Fig. 1a) . The exciton lines are labelled by the corresponding principal quantum numbers. Surprisingly, we can uniquely identify states with n up to 25, much higher than previously reported for a solid state system 6 . Such a high n caused us to investigate the extension of the exciton wavefunction. Using the hydrogen relation, the average radius r n h iof an orbital with principal quantum number n and angular momentum l is given by r n h i~1 2 a B 3n 2 { À l lz1 ð ÞÞ, where a B is the Bohr radius and l 5 1 for P-states 1 . The Bohr radius for P-excitons is a B 5 1.11 nm (ref. 9). For n 5 25 we thus get r 25 h i5 1.04 mm, corresponding to a huge exciton extension of more than 2 mm, about ten times the light wavelength (see Fig. 1d ). The absorption lines exhibit an asymmetry with a steeper slope on the high-energy flank. The asymmetry is due to interference of a discrete excitonic state and a continuum of states from interaction with optical phonons [10] [11] [12] . From the corresponding fits to each line, the exciton resonance energies E n can be accurately determined. These energies, shown in Fig. 2a as functions of n, follow the Rydberg formula E n~Eg { Ry n 2 to a good approximation, as shown by the fit in Fig. 2a . From the fit we obtain the bandgap energy E g 5 2.17208 eV and the Rydberg energy Ry 5 92 meV. However, our high-resolution spectroscopy reveals a slight deviation from the Rydberg series, which can be incorporated by employing the concept of quantum defects (see Supplementary Information) such that E n~Eg { Ry n{d l ð Þ 2 with the P-exciton quantum defect
The linewidths C n , shown in Fig. 2b , decrease with increasing n down to a few micro-electronvolts. For principal quantum numbers below n 5 10, the lineshapes can be well described by Lorentzians, suggesting homogeneous broadening. Here, the data are in accordance with an inverse cubic law of n. For higher n, the lineshape becomes increasingly Gaussian; see Fig. 1a . This indicates that the homogeneous broadening is superimposed by crystal inhomogeneities that are captured by the extended exciton wavefunctions. Yet the linewidth decreases with principal quantum number so that for n 5 24 it is as small as 3 meV. The homogeneous linewidth C n can be used to derive estimates for the exciton lifetime t n in state n using the relation t n <B=C n , which for the inhomogeneous case gives a lower limit for t n . For the highest principal quantum numbers we obtained nanosecond lifetimes.
These lifetimes seem surprisingly long, given that the huge wavefunction extension may cause the exciton to be fragile as it is confronted with multiple scattering possibilities in the crystal. For low excitation powers, carrier-carrier scattering can be neglected. However, two pathways remain for the P-state decay, apart from direct radiative recombination. One is relaxation into lower-lying exciton states by spontaneous emission of far-infrared photons with energies of a few tens of millielectronvolts. Because the corresponding rate is proportional to the third power of photon energy, spontaneous emission is strongly suppressed for such transitions compared to the visible range and can be neglected. The other pathway is relaxation by emission of optical phonons 10 . From the overlap between the initial and final state exciton wavefunctions, the relaxation rate is expected to scale as 1/n 3 (ref. 13) , in accordance with the experiment for the homogeneous contribution.
From the giant extension, huge Coulomb interaction effects are expected, which we access by studying the transmission as function of laser excitation power, and therefore of exciton density. The area of each absorption peak corresponds to the absorption strength and is determined by the exciton oscillator strength. The peak areas are shown in Fig. 2c as a function of n for a laser power of P L 5 20 mW, corresponding to an intensity of 6 mW mm 22 . We find that the peak area scales as 1/n 3 , but only in the range up to n 5 17. This dependence confirms the theoretical analysis for isolated P excitons 2, 14 , from which one expects for the exciton oscillator strength a behaviour proportional to n 2 {1 n 5 < 1 n 3 for large n. However, there are pronounced deviations for nw18 at the excitation power we used; the peak areas are reduced by almost an order of magnitude compared to the expected values.
To explore the origin of this reduction in more detail, we measured the peak area as a function of excitation intensity. Figure 3a shows corresponding absorption spectra from n 5 12 upwards. With increasing power, the absorption lines continuously decrease, with the higher-lying ones fading away first. The peak areas are plotted as a function of excitation intensity in Fig. 3b , showing a drop starting from a characteristic power level for each principal quantum number. The powers, at which the drop starts, shift to lower excitation intensity with increasing n. These results suggest that interaction effects between excitons 
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are responsible for the reduction of absorption and the increase of transmission. For larger exciton sizes, the interaction effects begin at smaller exciton densities.
To explain the reduction, we propose a dipole blockade effect similar to the one observed for Rydberg atoms 7 . The blockade arises from the dipole-dipole interactions between Rydberg excitons, depending strongly on their separation. If an exciton is created, the energy for exciting another exciton nearby is shifted by the dipole interaction energy, away from the narrow undisturbed absorption line. Thereby a dipole blockade is established: Resonant absorption and exciton creation are no longer possible inside the blockade volume V blockade in which the dipole interaction energy is larger than the absorption line width C n .
As a consequence, the absorption a at a given exciton density r X in the illuminated crystal volume is reduced by a factor 1{r X V blockade ð Þ compared to the absorption a 0 Bv ð Þof the unexcited crystal: a P L ,Bv ð Þã 0 Bv ð Þ 1{r X V blockade ð Þ . Vice versa, the exciton density r X is determined by this absorption a times the laser power P L deposited within the exciton lifetime t n !1=C n in the crystal: r X !P L a=C n . Inserting this relation for the exciton density and solving for the absorption a allows us to derive the following scaling law for the dependence on laser power: ). The red line is a guide for the eye. The grey line presents a single-beam absorption spectrum in this energy range, proving that the absorption is quenched more strongly when the pump laser is tuned to an exciton resonance. We note the slight line shifts between the resonances in the two spectra arising from exciton-exciton interaction. Owing to the variation of the exciton separation in the laser spot, these shifts cannot be assessed quantitatively, for which one would have to control the exciton position. f, Influence of a magnetic field on the Rydberg blockade. Shown are the optical densities at B 5 0 T and B 5 0.8 T as functions of excitation intensity.
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where S n describes the efficiency with which the absorption at the energy of exciton state n is blocked through the presence of excitons in the same state. Equation (1) describes the observed dependencies well; see Fig. 3b . By fitting the experimental data for the peak area, we can extract the S n values that are shown from n 5 12 up to 24 in Fig. 3c . In this highn range, S n varies enormously, with the principal quantum number increasing by more than three orders of magnitude. By fitting the data with a power function, we find a dependence on the tenth power of n.
To understand the strong n-dependence, one has to consider possible dipole-dipole interaction mechanisms. At large separations they can be modelled by a van der Waals interaction energy E vdW n ð Þ~{ C 6 n ð Þ R 6 , where R is the distance between two P-excitons in state n. For smaller distances the interaction becomes resonant and is better described by a
One finds that C 6 varies with the principal quantum number as n
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, while C 3 scales as n 4 (for details, see Supplementary Information). The onset criterion for the blockade of the dipole interaction energy becoming larger than the absorption linewidth leads to a critical blockade radius R c n ð Þ~ffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi C q n ð Þ C n. From this radius the blockade volume V blockade~4 =3pR 3 c can be derived. Taking the above considerations into account, we conclude that the dependence of the blockade efficiency S n on the principal quantum number n is determined by the product of blockade volume V blockade times
for both mechanisms of dipolar interaction and C n !n {3 we obtain an extremely steep increase in the blockade efficiency S n with increasing principal quantum number, given by its tenth power: S n ! V blockade C n ! n 10 , in excellent agreement with experiment. We expect the Coulomb blockade to occur not only for excitons with the same n, but also for different n. In effect, the experiment thus far resembled a single-beam pump-probe experiment with degenerate pump and probe. To test our suggestion further, we implemented another tunable laser with a linewidth of 1 neV (about 250 kHz in frequency) so that we could vary the pump and probe photon energies independently. At first, we kept the photon energy of the pump laser fixed at the n 5 14 exciton, while simultaneously sampling the exciton spectrum with the probe laser (see Fig. 3d ). With increasing pump intensity the transmission at all exciton lines increases, accompanied by some line broadening. This demonstrates that the blockade works also for offresonant excitons. Furthermore, at a fixed excitation intensity, excitons with high principal quantum numbers are more strongly blocked by the off-resonant pump than lower-lying ones. Within the excitation spot, the separation between excitons varies, contributing to a broad absorption background in the two-colour studies owing to the widely varying exciton interaction energies. The remaining absorption line arises from excitons with interaction energies below the linewidth.
In a next step, the pump was scanned, and the probe photon energy was kept at the n 5 17 exciton energy, for which we monitor the change of absorption. The goal was to detect a reduced absorption and hence increased transmission whenever the pump photon energy hits an exciton resonance. To demonstrate the effectiveness of the blockade, the pump photon energy is varied from n 5 6 to n 5 10 corresponding to Bohr radii up to 100 nm. Whenever the pump laser hits a narrow exciton resonance in this energy range the transmission of the probe laser increases, as demonstrated in Fig. 3e . This proves that at the pump densities we used no electron-hole plasma is created, but excitons stay intact and prevent exciton creation in the n 5 17 state.
Since the efficiency with which an exciton blocks exciton creation in its vicinity is determined by its extension, we corroborate our interpretation by deliberately varying the exciton size. An efficient tool for such size variation is the application of a magnetic field, in our case along the optical axis (taken as the z-axis). The magnetic field leads to a complex splitting of exciton levels with different magnetic quantum numbers (the Zeeman effect), which we do not discuss in detail here. Instead, we focus on the Rydberg blockade-related wavefunction engineering. The magnetic field adds parabolic confinement potentials for the electron and the hole to the exciton Hamiltonian e 2 B 2 8m x 2 zy 2 À Á , whose strength is controlled by the field strength B. As a result, the exciton wavefunction is squeezed normal to the field. The characteristic length scale for the magnetic confinement is the magnetic length ' c~B eB 0:5 , which for a field strength of 1 T is 25.65 nm; this emphasizes the strong impact of the magnetic field on the Rydberg exciton extension. Figure 3f shows the absorption of the n 5 15 exciton, recorded at B 5 0 and 0.8 T versus the optical excitation intensity. The shift of the n 5 15 exciton in magnetic field was carefully monitored, so that the excitation laser could be kept in resonance with the exciton. Although in the absence of a magnetic field the exciton becomes strongly bleached and can hardly be observed for laser intensities exceeding 5 mW mm 22 , under a magnetic field the drop of absorption with increasing laser power is much weaker, so that even at the highest applied laser intensity of 20 mW mm 22 the absorption is about half that at low intensity. This finding is in accord with the expected effect of wavefunction squeezing on the Rydberg blockade.
We believe that the observation of Rydberg excitons opens up a new field in condensed-matter spectroscopy. The blockade may be exploited in applications such as nonlocal all-optical switching or mesoscopic single-photon devices. It will be interesting to work out the similarities and differences between Rydberg atoms and Rydberg excitons. The exciton Bohr radius, for example, is much larger for similar principal quantum numbers, so that comparable blockade volumes may be reached for excitons at considerably smaller n than for atoms. In addition, the light wavelength is shrunk in the Cu 2 O crystal by the refractive index of 3, so that Rydberg excitons permit testing of light-matter interaction descriptions, such as the electric-dipole approximation. Differences may also show up in studies of interaction effects among excitons, which may be deliberately induced and controlled by exciting additional excitons in particular n states. The relaxation of excitons by phonons may lead to the formation of low-n exciton populations with which the Rydberg excitons can interact. One of these excitons, the paraexciton, is a prime candidate for Bose-Einstein condensation in Cu 2 O (ref. 15) , so that recent experiments in atomic physics 8 could be mimicked by studying the interaction of a Rydberg exciton with such a condensate.
Despite a long-standing discussion 16 , molecules formed from two excitons have not previously been demonstrated in Cu 2 O. Rydberg excitons open up new perspectives owing to their strong dipole-dipole interactions 17 . Exciton molecules with varying constituents and tunable binding energies could be excited [18] [19] [20] [21] . The number of excitons forming a molecule may be varied to form large cluster-like states or extended condensed phases.
The crystal environment means that Rydberg excitons could permit studies that are not possible in atomic physics. For example, the position of individual Rydberg excitons might be accurately controlled by applying spatially modulated strain fields to the crystal. Also, additional electric or magnetic fields may be applied, with which the interaction between Rydberg excitons and their stability could be dynamically controlled. Rydberg atoms subjected to high magnetic fields mimick hydrogen atoms (ref. 22 and references therein) in white dwarf stars. Such a hydrogen-like system in a strong magnetic field represents a nonintegrable problem leading to chaotic behaviour. Rydberg excitons have smaller Rydberg energies, so they should enter a similar regime at very low magnetic fields, which are easier to study.
